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Abstract
Aqueous dispersions of metal oxide particles are of great
practical interest due to their wide-ranging industrial applica-
tions and everyday uses under the conditions required. The lat-
ter involves the broad variability of pH and dissolved materials
among them electrolytes which have definite role in charge neu-
tralization in the vicinity of particle surface. In this work, the
pH-dependent surface charging of metal oxides due to the spe-
cific adsorption of H+/OH− in the presence of indifferent and
specific ions, and other simultaneous processes at solid/water
interface such as hydration of surface, dissociation of surface
sites, dissolution of solid matrix, then hydrolysis of dissolved
ions are discussed. The governing role of solid particles will be
showed by means of characteristic examples of aluminum, iron,
titanium and zinc oxides, which have significant differences in
chemical properties considering e.g., their pH-dependent disso-
lution and the speciation of dissolved ions.
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1 Introduction
Metal oxide particles are of great practical interest, especially
those of aluminum, iron, and recently the titanium and zinc ox-
ides due to their UV absorbance and photocatalytic activity men-
tioning only some novel reasons for their use. Nowadays, the
importance of aqueous dispersions increased definitely because
of mainly environmental reasoning. Metal oxides are often used
as adsorbents, catalyst carriers, etc. even if they are not directly
applied; the adsorption is always involved in their aqueous dis-
persions.
Adsorption refers to the accumulation of any species from
one of the continuous phases at interface between two phases.
If solid/liquid (S/L) interface is in question, i.e., adsorption of a
dissolved material (solute) is studied, the wetting of solid ma-
terial (adsorbent) by the liquid (medium in which adsorbent is
dispersed) and the solubility of solute in the given liquid (here
solvent) have to be considered besides adsorption. Simultaneous
equilibria of adsorption, wetting and solubility exist between the
components (adsorbent, solvent and solute). Competition of sol-
vent and solute molecules for surface sites and also competition
of surface and solvation forces for solute molecules are always
present in the S/L adsorption systems. Therefore a better un-
derstanding of aqueous oxide dispersions requires that all the
interactions be characterized in terms of the fundamental phys-
ical and chemical properties of components dissolved (solutes)
and dispersed (solid) in the medium (solvent), which is water
here.
In aqueous solutions, dissolution of electrolytes results in for-
mation of ionic species, and formation of solid-water interface
involves hydration and charging of surface. The ionic species
accumulate at interface, which is in fact a chemically controlled
distribution of charged species governed by the in situ devel-
oped electrified interfaces. Chemical contribution of compo-
nents cannot be neglected in general; simultaneous equilibria
exist both in aqueous phase and at surface which mutually influ-
ence each other. The probable simultaneous equilibria between
the participating components of adsorption from electrolyte so-
lutions have been discussed in a Chapter 1 of book Adsorption:
Theory, Modelling, and Analysis edited by J. Tóth some years
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ago. It is worth recalling the knowledge relevant to the aque-
ous dispersions of metal oxides. The interfacial and aqueous
processes resulting in the equilibrium distribution of polar and
charged species in oxide dispersions are depicted schematically
in Fig. 1. An electrified interface develops due to the forma-
tion of multitude charged surface sites and the accumulation of
counter-charges in order to preserve charge neutrality. In this pa-
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Fig. 1. Possible solid/water interfacial and aqueous phase processes in metal
oxide dispersions
per, I attempt to highlight the importance of simultaneous aque-
ous and interfacial processes, such as hydration of surface, dis-
solution of solid, and speciation of dissolved species in aqueous
solution phase, which take place in parallel with the adsorption
of ionic species and inherently influence the adsorption equilib-
rium; however, unfortunately, these seem to be often neglected.
2 Theoretical
2.1 Interaction of solid metal oxides with water: hydration,
dissolution, hydrolysis and dissociation
The question is how the surface properties of oxide particles
alter inherently and charged surface forms during the immersion
of solid particles into water. The hydration of solid surfaces
starts at solid/gas interface, since it was clearly stated [2] that
even under common room conditions (relative humidity in the
region 40-60%) two or three layers of adsorbed water are often
present on particles, dominating the interactions, and therefore
the physical characteristics of the material.
In the case of oxides, undercoordinated metal ions (e.g., Si4+,
Al3+, Fe3+) occurring on the top layer of oxide surfaces react
with water molecules to form surface OH groups in an attempt to
complete their coordination sphere. In the presence of water the
surface of oxides, e.g., SiO2, Fe2O3, Al2O3, TiO2, are generally
covered with surface hydroxyl groups (S-OH sites). For most
of the oxides dissociative chemisorption of water molecules
seems energetically favored [3, 4]. The various surface hydrox-
yls formed may structurally and chemically not be fully equiv-
alent. Geometrical consideration and chemical measurements
indicate an average surface density of 5 (typical range 2-12) hy-
droxyls per square nanometer of oxide surface [1, 3]. Surface
hydroxyl groups of oxides can be removed by thermal treatment
in vacuum O(MeOH)2 ⇔ O(Me)2O + H2O. These activated
sites can be easily rehydrated by the adsorption of water, and far-
ther water molecules can be adsorbed on the top of the already
formed hydroxyls through the formation of hydrogen bonds [5].
The contact of magnetite nanoparticles with water molecules has
been recently cleared up on the basis of our combined efforts of
simulation and experiments [6]. The behavior of S-OH groups
has been studied extensively and it is the subject of numerous
reviews, e.g., [3, 4, 7]-[10].
Aluminum oxides and hydroxides chemisorb at least a mono-
layer of water when exposed to moisture [11]. Water is
chemisorbed and the top layer of oxide ions is converted to hy-
droxyl ions, i.e., the reactive sites (≡Al-OH) on alumina surface.
Iron oxide particles with different crystal structures usually
exist as colloidal particles (e.g., ferrihydrite∼5-10 nm, goethite,
hematite ∼10-50 nm). Under dry conditions surface Fe atoms
may be coordinatively unsaturated [9]. In contact with water
the iron atoms coordinate with water molecules which share
their lone electron pairs with Fe. During adsorption, the wa-
ter molecules usually dissociate resulting in a surface covered
by hydroxyl groups coordinated to the underlying Fe atoms
(≡Fe-OH sites). Hydroxylation of iron oxides is a fast reaction,
it is followed by further adsorption of water molecules which
hydrogen-bond to the surface OH groups as proved recently for
magnetite, too [6]. The density of the most reactive singly coor-
dinated groups is between 3 and 8 OH/nm2.
In aqueous solutions the dissolution of oxides becomes often
perceptible not only at extreme pH values. Comprehensive treat-
ment of the dissolution of metal oxides has been given by Blesa
et al. [12]. Solubility of different metal oxides and hydrolysis
of the dissolved products are discussed in the book of Stumm
and Morgan [4]. The activity of dissolved Al-species in equilib-
rium with gibbsite rises above 10−5 M below pH∼4 and above
pH∼9. The sensitivity of ZnO and especially the amorphous
Zn(OH)2(s) to pH is much pronounced than that of aluminum
oxides. The concentration Zn species dissolved from the lat-
ter increases above 10−4 M below pH∼8.5 and above pH∼11.5
[4]. In general, the solubility of iron(III) oxides (e.g., hematite,
goethite) is low, the activity of dissolved iron(III) species re-
mains below ∼10−5 M between pH∼3 and ∼14 [9]. Reducing
conditions enhance the solubility of iron(III) oxides. The pres-
ence of ligands such as chloride, fluoride, phosphate, citrate and
several other anions that form soluble complexes with iron and
aluminum, greatly promotes the dissolution of solid matrix.
2.2 Processes in aqueous phase
Several charged species are present even in the simplest aque-
ous solutions in contact with metal oxides. On the one hand
charged species are released from solid phase due to hydroly-
sis, dissolution and dissociation processes discussed above. On
the other hand indifferent electrolytes are present to provide con-
stant ionic strength besides solute molecules, which are often ca-
pable to dissociate. The dissociation of small molecules in aque-
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ous solutions, ionization processes of mono-, di- and oligoprotic
acids and bases have been reviewed [14]. In aqueous systems a
huge variety of different types of complexes has been identified
depending on the chemical composition of solid and electrolyte
solution. The complexation reactions in various aquatic systems
are discussed in detail in the excellent book by Buffle [15]. De-
tailed chemical knowledge of the system is required to identify
the probable equilibria. It may happen that anion of a back-
ground electrolyte such as Cl−, PO3−4 acts as a ligand related to
the given metal ion (e.g., Zn2+, Fe3+, Al3+) of the solute.
The formation of hydrolytic metal complexes such as
Al(OH)3, Fe(OH)3, Zn(OH)2 may lead to a significant decrease
in solubility of metal ions over an appropriate range of pH. It has
been proved that in the presence of solid particles, hydrolysable
metal ions may precipitate on surface prior to bulk solution pre-
cipitation [4, 16].
Dissolution of sparingly soluble metal oxides in a multicom-
ponent aqueous solution can be described by the set of the chem-
ically probable heterogeneous and homogeneous reactions and
the corresponding thermodynamic equilibrium constants, and by
the mole balance equations for each component. Usually the
set of coupled algebraic equation is too complicated to solve
analytically, numerical procedures are required [17]. By now
several computer programs are available that can calculate the
equilibrium speciation, if thermodynamic equilibrium constants
are known (e.g, MICROQL [18], MINTEQA [19]) or the set
of experimental activity data can be fitted to obtain the equilib-
rium constants of probable reactions supposed in an appropriate
chemical model (e.g., FITEQL [20]).
2.3 Adsorption of potential determining ions: surface
charge formation
The hydroxyl groups on surface are bound chemically to the
ions (e.g., Al3+, Fe3+, Ti4+) in crystal lattice of oxides and hy-
droxides. These chemically reactive surface groups are exposed
to an aqueous solution, surface becomes charged due to surface
chemical reactions with H+/OH− ions [3, 4, 7, 21, 22]. The fact,
that H+ and OH− ions are potential determining (p.d.) ions,
however, has been the subject of special discussion since 1962
when de Bruyn assumed that for oxides. According to Lyklema
[23] it is more appropriate to call H+ and OH− ions as charge-
determining ions instead of p.d. ions, because these surfaces do
not obey Nernst’s law as analyzed for silicium-, aluminium- and
iron-oxides by Hohl et al. [24]. The term charge-determining
seems to be even worse than that substituted, since it would be
nonsense, that the activity of H+ and OH− ions determines the
surface charge density, as expected analogously to the definite
dependence of surface potential on the activity of potential de-
termining ions, since surface charge density changes character-
istically in with varying ionic strength at constant activity of H+
and OH− ions.
Charge development on amphoteric surface sites (S-OH)
could occur by direct proton transfer in surface protonation
(S-OH + H+ ⇔ S-OH+2 )) and deprotonation (S-OH ⇔
S-O− + H+) reactions [7, 14]. These can be considered
as surface association-dissociation or interfacial adsorption-
desorption processes. Charging of amphoteric oxide surface
can be modeled with a simple one step protonation reaction
(S-OH−1/2 + H+ ⇔ S-OH+1/22 ) [25]. These interfacial equi-
libria can be characterized by equilibrium constants K or their
negative logarithm pK, and so the above concepts are often dif-
ferentiated as 2-pKs and 1-pK models [26].
When surface charge development occurs by direct proton
transfer from aqueous phase, the surface charge density (σ0,H)
and surface potential (ψ0) can be defined analogously to the
Nernstian surfaces (F , R and T have the usual meaning):
σ0,H =F(0H+ − 0OH−) (I)
ψ0 =RT/F ln[H+]/[H+]pzc
=(RT/F)2.3(pHpzc − pH) (II)
The surface charge density is experimentally accessible. The
surface excess amounts (0i ) can be determined by means of ad-
sorption measurements.
Ions in the solid-liquid interfacial layer are situated closer or
further from the surface, depending on their size, charge, and
ability to form chemical bonds with the surface sites. Ions which
are constituents of the surface or have a particularly high affin-
ity for surface sites are referred to as surface ions. This includes
specifically adsorbed ions which can bind to the surface through
covalent interactions in addition to the pure Coulombic contri-
butions. The presence of these ions has a direct influence on the
surface charge.
2.4 Distribution of indifferent ions at charged interface:
charge neutralization
The ions are called as indifferent, which obey only elec-
tric constraints, i.e., either repulsion or attraction of Coulombic
forces. The diffuse swarm of these ions is situated further from
particle surface and they are electrostatically separated and dis-
turbed by thermal motion. Although ions around particles are
separated within a nanometer-scale distance, the surface charge
must be balanced in the near-surface layer and the electrical neu-
trality condition in the electric double layer (EDL) must be sat-
isfied. The pure electrostatic approaches based on the electrical
neutrality constraint and the charge potential relationships de-
rived from the Poisson-Boltzmann equation have been discussed
previously [1]. It is worth recalling the charge potential relation-
ship well-known as Gouy-Chapmann equation for the diffuse
EDL:
σd = −(8ε0εrkT )1/2(n)1/2 sinh(zeψd/2kT ) (i)
For small potentials (zeψd/2kT < 1, ψd <∼25 mV), it is pos-
sible to expand sinh function (sinh x = x + x3/3! . . . ), and con-
sidering only the first term and the definition of κ parameter, the
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following simplified equation can be deduced:
σd = −ε0εrκψd
Considering the charge neutralization constraint between the
surface and diffuse layer charge densities (σ0+σd = 0) and sup-
posing that ψd = ψ0 at x = 0, we have
σ0 = −σd = ε0εrκψ0 (ii)
This simple equation obviously shows that any change in salt
concentration is accompanied by change either in surface po-
tential at constant σ0, or in surface charge density at constant
ψ0. The surface charge density (σ0) can be determined experi-
mentally, for example from the surface excess concentration of
p.d.-ions for conditionally charged solids like H+/OH− ions for
oxides. However, the charge potential relation is a theoretical
model-dependent function.
The Gouy-Chapmann model is based on only electrostatics
(point charges in a dielectric continuum), it is proved to be a
good approximation in general. Above equations can give the
correct description of diffuse part of an electric double-layer fur-
ther from the surface, but unrealistic values (very high surface
potentials or extremely high local concentration of ions) close
to the surface. Other equations from the adequate analytical so-
lution of Poisson-Boltzmann equation known in basic literature
[22,27,28], or even the numerical calculation can not overcome
this inaccuracy. Corrections had to be introduced by which the
finite volume of ions and the EDL structure at the closest dis-
tance to particle surface (i.e., chemical contributions in addition
to electrostatic interaction) should be taken into consideration.
The combined chemical and electrostatic models have been
developed to describe the distribution of charged species near
particle surface. These are reviewed in several well-known writ-
ings [3, 4, 7, 14, 22, 27–29]. There are differences in the termi-
nology and in the way these models are formulated, but they all
have features in common: the reactions of surface groups are
described by mass-action and material balance equations, and
the surface potential is related to the surface charge by an elec-
trostatic model [29].
Recently, the most often used models are called surface com-
plexation models (SCMs). These combine the concept of co-
ordination chemistry with those in electric double-layer the-
ory. SCMs consider the surface charging (charge development
on surface) and ion adsorption (interfacial distribution of ionic
species) as surface complexation reactions. These processes
are treated analogously to the homogeneous phase complexa-
tion equilibria described by mass action law in addition to the
accounting the influence of electric potential developed in the
interfacial reactions. The most common SC models are the con-
stant capacitance, diffuse- and triple-layer models (CCM, DLM
and TLM, respectively). A schematic representation of the sur-
face complexation models is shown in Fig. 2. The distribution
of charges in the electrified interface (top) and the potential de-
cay assumed in the given model in the near-surface region (mid-
dle) are shown. Some hypothetical surface species on oxides are
represented (bottom), where surface sites (S-OH) are located at
solid-liquid interface and the specifically adsorbed ions, hydro-
gen ions (H+), cations or metal-ions (Mm+) and anions (An−)
from the aqueous phase are presumed to form complexes with
surface sites.
In all three models, charges associated with the surface are as-
sumed to be balanced by counterion charges within a limited dis-
tance from surface. In the constant capacitance and diffuse-layer
models all specifically adsorbed ions contribute to the surface
charges (σ0), it is balanced by the counterion charge. Charge
potential relationship is linear (σ0 = ε0εrκψ0) in CCM. Coun-
terion charges (σd) are situated in the diffuse part of EDL in
DLM, and the electrical neutrality constraint is σ0 + σd = 0. In
the triple-layer model two near surface planes for adsorbing ions
are distinguished. The surface species of specifically adsorbed
H+, OH− ions pertain to the innermost part and it is character-
ized by charges σ0, and the outer plane has charges σβ resulting
from the adsorption of other ions. Since electric field extending
away from surface is the direct result of the surface complex-
ation reactions of specific ions in the near surface region, the
specifically adsorbed ions also govern the counterion distribu-
tion in the diffuse layer. The charge balance of three layers can
be written as σ0 + σβ + σd = 0.
The activity of ions near the surface, [X z]S , are influenced
by the electrostatic field arising from the surface charge. It is
distinguished from that in the bulk solution, [X z], because the
difference in electrical potential at distance x from the surface,
relative to that in the bulk solution, ψx , applying the Boltzmann
distribution is
[X z]S = [X z] exp(−ezψx/kT ) (iii)
where ezψx is the electric potential energy (or electrical work
in moving the ions from bulk to distance x), z is the charge of
ion X , e is the electron charge, kT is the thermal energy, k is the
Boltzmann constant and T is the temperature.
Surface complexation reactions are assumed on surface sites,
S-OH. The total site density (NS , mol/m2) has to be defined
for the given system. In the constant capacitance and diffuse
layer model all surface species are supposed to be inner-sphere
complexes, while in the triple layer model both inner- and outer-
sphere complexes are assumed. The following protonation and
deprotonation equilibria can represent the charge formation on
surface site, S-OH:
S-OH+ H+ ⇔ S-OH+2
K inta1 = [S-OH+2 ]/([S-OH][H+]S) (1)
S-OH⇔ S-O− + H+
K inta2 = ([S-O−][H+]S)/[S-OH] (2)
where K inta1 and K
int
a2 are the invariant, intrinsic equilibrium
constants; brackets mean the activity of species. The surface
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Fig. 2. Schematic representation of SCMs: CCM, DLM and TLM; charge
distribution (top) and potential decay (middle) within a nanometer-scale distance
and surface species on oxides (bottom).
species, S-OH, S-OH+2 , S-O−, are assumed to have activity co-
efficients equal to unity. However, the activity of surface hydro-
gen ions, [H+]S , has to be corrected for the energy expended in
moving them to the charged surface (at distance x = 0) where
reaction occurs. Expressing [H+]S in term of the bulk solution
hydrogen ion activity, [H+], is
[H+]S = [H+] exp(−eψ0/kT ) (iv)
The conventional mass action quotients without electric po-
tential variable for these equilibria are not constants, often called
as apparent equilibrium constants, Kapp and Kapp, or opera-
tional reaction quotients, Qa1 and Qa2. Intrinsic equilibrium
constants for surface charge formation can be determined by
means of an extrapolation at zero electric potential [3, 4, 15]:
lim
ψ0→0
log K app = log K int
Surface complexation reaction for multivalent ions (Mm+ and
An−) can be written
aS-OH+ pMm+ ⇔ (S-O)aMδp + aH+
K intaM = [(S-O)aMδp][H+]aS/[S-OH]a[Mm+]pS (3)
aS-OH+ q An− + bH+ ⇔ (S-OH)aHbAδq + aH+
K intaA = [(S-O)aHbAδq ][H+]a−bS /[S-OH]a[An−]qS (4)
The distribution of ions H+, Mm+ and An− between the surface
layer and bulk solution is governed by the electrostatic field,
and Eqs. (iii) and (iv) can be applied by substituting surface
potential, ψ0, in all cases, if CCM and DLMmodels are applied,
since only inner-sphere complex formation is assumed and all
the ions are assigned to near the surface; while potential ψβ is
substituted in Eq. (iii) for distribution of ions Mm+ and An−
when TLM model is chosen, since proton transfer processes are
assigned to the surface and complexation of other ions, which
form outer-sphere complexes, to the β-plane in the TLM model.
The charge potential relationship can be given by appropriate
form of Eqs (i) and (ii)
DLM σ0 = (8ε0εrkT )1/2(n0)1/2 sinh(zeψ0/2kT )
CCM σ0 = C0ψ0
T LM σ0 = C0(ψ0 − ψβ)
σβ = C0(ψβ − ψ0)+ Cβ(ψβ − ψd)
σd = Cβ(ψd − ψβ)
σd = −(8ε0εrkT )1/2(n)1/2 sinh(zeψd/2kT )
where σ0, σβ and σd are the total charges associated with the
inner, outer and diffuse planes, C0 and Cβ are the capacitances
associated with the zones between the inner and outer, and outer
and diffuse planes, respectively, ψ0, ψβ and ψd are the electro-
static potentials at the surface, inner and outer planes, respec-
tively. It should be noted that application of these models needs
an appropriate choice of units of physical quantities.
Application of the surface complexation models for the de-
scription of a given system presumes first the definition of the as-
sumed chemical processes, then determination of intrinsic equi-
librium constants. Previously different graphical extrapolation
methods [3, 4, 15, 22] were used, lately the FITEQL [20] pro-
gram provides an elegant numerical way to calculate the intrin-
sic constants together with the possible choice of different com-
plexation models.
3 Experimental
Potentiometric acid-base titration of oxides provides a direct
measure of net proton surface charge density [22,30], if the ions
of background electrolyte have no specific affinity for the sur-
face (called as indifferent electrolyte), and the total acid or base
consumption results in surface charge formation, as well as no
any other acid-base reactions, like hydrolysis, dissolution, take
place.
The pH-dependent surface charge was determined by poten-
tiometric acid-base titration under CO2-free atmosphere. Solid
samples (0.3 to 1 g) of the purified metal oxides were titrated.
An indifferent electrolyte (NaCl, KCl, KNO3)was used to main-
tain a constant ionic strength ranging between 0.001 and 1 M.
Before titration, the suspensions or solutions were stirred and
bubbled by purified nitrogen for 15 min. Equilibrium titration
was performed in a self-developed titration system (GIMET1)
consisting of two Dosimat 665 burettes (Metrohm), a nitro-
gen bubbling, a magnetic stirrer and a high performance po-
tentiometer. The course of the titration (amount and frequency
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of titrant, bubbling, stirring, millivolt measurement) was con-
trolled by an IBM PS/1 computer using AUTOTITR software.
The pH-measuring Radelkis OP-0808P (Hungary) combina-
tion glass electrode was calibrated using three buffer solutions
(Radelkis, Hungary) to check the Nernstian response. The eval-
uation of titration data was based on the calculation of the ma-
terial balance for H+/OH− ions. The measuring system had
to be calibrated for H+/OH− ion concentration, which in turn
was put into the material balance equations. The experimen-
tal activity coefficients of H+/OH− ions were determined from
the background electrolyte titration at the each ionic strength.
The H+/OH− concentration was calculated knowing the con-
centration of acid and base titrants, the volume of portions and
the dilutions, and their activities were calculated from the mea-
sured pH and the ionization constant of water. If the response
of glass electrode is perfect, the activity vs. concentration plots
give straight lines, and their slopes provide the values of experi-
mental activity coefficient at different electrolyte concentrations.
The net proton surface excess amount (1nσ = nσH+ − nσOH−)
is defined as the difference between H+ (nσH+) and OH
− (nσOH−)
surface excess amounts related to the unit mass of solid. The
surface excess amount of a solute i (0i ) can be determined ex-
perimentally from the initial (ci,0) and the equilibrium concen-
tration (ci,e) of the solute (nσi = V (ci,0 − ci,e)/m, where V
is the liquid phase volume and m is the mass of the adsorbent;
0i = nσi /as , where as is the specific surface area of the ad-
sorbent) for adsorption from dilute solutions [27]. The values
of excess nσH+ or n
σ
OH− were calculated at each point of titra-
tion from the initial and the equilibrium concentrations of the
H+ and OH− ions using the actual activity coefficient from the
slope of H+/OH− activity vs. concentration straight lines for
background electrolyte titration. Roughly tenth part of the total
active site density calculated from crystallographic data can be
titrated, or with other words only 10% of surface hydroxyls can
become charged.
Since this method is based on the determination of the change
in H+/OH− concentration in the liquid phase due to interfacial
proton transfer processes, any acid/base impurities of the titrated
sample and its dissolution at extreme pHs will interfere with the
surface charge density, as showed for magnetite and alumina
before [31, 32], and so careful sample preparation is required.
In the case of magnetite and hematite, the stock suspension was
stored in 0.001 MHCl, so its medium contained excess H+ ions.
Therefore the equilibrium supernatant obtained by centrifuga-
tion at 13000 RPM for 2 hours was also titrated in parallel with
suspensions.
4 Results and Discussion
It has to note first that the complex aspect of aqueous disper-
sions shown in Fig. 1 has not been widely accepted. Although
it is evident that the processes depending on the chemical back-
ground do take place independently of our knowledge, I have
hardly found a systematic analysis of all probable simultaneous
equilibria in the relevant literature. In the most cases the solu-
tion condition such as pH dependent dissolution of solid phase,
the surface precipitation and the speciation in aqueous phase are
omitted in the evaluations either without mentioning them or
with reference to some reasoning.
The evaluation of the experimental data from acid-base titra-
tion of amphoteric solid material demands cautious work. The
different approaches are accepted in the literature and summa-
rized perhaps in the most comprehensive way in the book of
Kosmulski [26]. With respect to the solution chemistry, the ex-
perimental data of colloid titration are significantly less accurate
and reproducible than that in homogeneous systems. The situa-
tion at the electrified interface is more complicated. Other acid
or base consuming reactions (e.g. presence of acid/base impuri-
ties, dissolution of solid at lower or higher pHs) can take place
in parallel with the surface charging processes, which cannot be
separated experimentally as analyzed in [1]. However, exclud-
ing all of these the net proton surface excess amount related to
the unit mass of solid can be calculated directly and plotted as
a function of pH. In the case of magnetite and hematite, since
the stock suspension was stored in 0.001 M HCl, both the sur-
face and the medium contained excess H+ ions in an exactly
unknown amount. The double calibration of our titration sys-
tem for the pH and the H+/OH− concentration allowed us to
correct the measured net proton consumption of iron oxide sus-
pensions. On the one hand the H+ concentration of the equilib-
rium supernatant was measured and proved to be independent of
NaCl concentration over the range of pH 3 to 9, so its additive
correction became possible. On the other hand the surface ex-
cess H+ concentration in the initial state at pH∼3 and 0.001 M
ionic strength was estimated and subtracted from the calculated
material balance of H+/OH− ions during titration. The Al2O3
(Aluminium oxide C) and TiO2 (Titanium dioxide P25) of De-
gussa were produced by flame hydrolysis of AlCl3 and TiCl4,
and the samples always contain some non-hydrolysed residual
of metal chlorides. Therefore these samples have to be care-
fully purified by either heating alumina up to 1000 oC [32] or
exhaustive washing titania with water before titration.
The surface charging of oxide particles varies characteristi-
cally with pH and ionic strength as the effects of specific and
indifferent ions, respectively. It is worth showing first, the sim-
ple cases of the surface-charge titration of purified oxide sam-
ples (Fig. 3). Experimental curves of potentiometric acid-base
titrations representing the net proton surface excess amount (ei-
ther 1nσ = nσH+ − nσOH− or 10H,OH = 0H+ −0OH− ) as a
function of pH often called as charge potential curves, since the
net proton surface excess is proportional to the surface charge
density (σ0 given in Eq. (I)), while pH is to the surface poten-
tial (ψ0 given in Eq. (II)). These are determined at several con-
centrations of indifferent electrolyte and show the characteristic
opening feature with increasing ionic strength (I), which is re-
sulted from the Eq. (ii) σ0 = −σd = ε0εrκψ0 considering that κ
increases with I and so σ0 does in the same way, since ψ0 should
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Fig. 3. Experimental charge potential curves of purified metal oxides dispersed in the 
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Fig. 3. Experimental charge potential curves of purified metal oxides dis-
persed in the solutions of indifferent electrolytes, the pH values of common in-
tersection points are identified as points of zero charge (PZC); oxide samples
have different compositions and specific surface areas.
be constant at constant pH. Charge potential curves can intersect
at a common pH. It can be called as common intersection point
(c.i.p.) [23]. If the c. .p. of σ0,H (or10H,OH ) versus pH curves
is sharp and coincides with the σ0,H = 0 (where 0H+ = 0OH−),
surface charge state, this unique pH is then identified as the point
of zero charge, PZC as given in Figs. 3a,b. This occurs only in
the case of oxides under ideal conditions [23]. The point of
zero charge is a characteristic of the given surface in aqueous
medium, it is the reference point for surface charging [27]. The
reliable experimental data of PZC, sometimes called as pristine
point of zero charge, (PPZC) [23,27], for several oxides are col-
lected in literature [7, 9, 27]. The biggest collection of PZC val-
ues can be found in the book of Kosmulski [26].
The pH- and ionic strength-dependent surface charge for-
mation process can be described by various model approxima-
tions, the most widely accepted models are the site-binding elec-
trostatic or surface complexation models (SCMs) models (e.g.
James and Parks [7]; Hunter [28]; Kosmulski [26]; Borkovec
et al. [14]). The experimental data of purified alumina and
magnetite titration were evaluated using a numerical data-fitting
program FITEQL [20]. The choice of different surface com-
plexation (constant capacitance (CC), diffuse layer (DL), Stern
and triple layer (TL)) models is optional. The measured data
of both aluminium and iron oxide titration might be well fit-
ted by choosing any SC model. An example for the quality
of the fitting of curves optimized by FITEQL using CC ap-
proach and the experimental points calculated on the basis of
material balance of added H+/OH− is shown in Fig. 4. The
experimental points are fitted quite well even using the sim-
plest CC approach of SCMs. Detailed comparison of results
from fitting different SCMs has been published previously [32].
The pH of the PZC can be calculated according to the relation
PZC = 0.5(log K inta,1 − log K inta,2) [7, 9, 23] from the equilib-
rium constants given in the legend of Fig. 4. These are PZCcalc
8.1± 0.1 and 7.9 ± 0.2 for alumina and magnetite, respectively;
both correlate well with the experimental PZC observed as c.i.p
of charge potential curves. The values in literature [26] agree
more or less well with our model calculation. It should be noted
that the experimental conditions and quality of aluminium and
iron oxide samples are always more or less different, and so the
variables (specific surface area, ionic strength, etc.) and the cal-
culated log K values are also somewhat different. The experi-
mental net proton consumption vs. pH functions of the original
and purified alumina and titania samples are obviously differ-
ent as shown in Fig. 5. One of the conspicuous features is the
difference in the initial pH of suspensions. In the suspensions
of the purified oxide samples, the pH is almost independent of
ionic strength, and it is close to their PZC. However, the pH in
the suspensions of original samples significantly increases with
increasing salt concentration, since the increasing concentration
of chloride ions in the equilibrium liquid phase hinders the prop-
agation of the hydrolysis of metal chlorides:
AlCl3 + 3H2O Al(OH)3 + 3H+ + 3Cl−
TiCl4 + 4H2O Ti(OH)4 + 4H+ + 4Cl−
The common intersection points of curves measured at different
ionic strengths are significantly different for original and puri-
fied samples. These c.i.p. points can be assigned as the point
of zero salt effect (PZSE at which (δσ0,H /δI)pH is zero) intro-
duced by Sposito [22, 30] shift up after removal of metal chlo-
ride contamination showing the absence of base consuming hy-
drolysis product (H+) in both cases. The estimated amounts
of H+released from the original samples are 0.083 and 0.022
mmol/g (-1q at the c.i.p. of alumina and titania, respectively)
are in good harmony with the maximum amount of Cl− mea-
sured directly in the samples (0.081 and 0.028 mmol/g for alu-
mina and titania, respectively).
Although the pHs of c.i.p. points belonging to the original
contaminated samples hardly differ from the PZC values of pu-
rified samples measured under ideal condition, a simple addi-
tive correction of the experimental proton consumption curves,
i.e. an up/down shift of 1qH,OH= 0 or σH=0 line done often in
pH-dependent surface charging of metal oxides 832009 53 2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-0.15
-0.05
0.05
0.15
4.5 6 7.5 9 10.5pH
Ne
t p
ro
to
n 
su
rfa
ce
 e
xc
es
s,
 m
m
ol
/g
   
  
0.5 M measured
0.5 M fitted CCM
0.05 M measured
0.05 M fitted CCM
0.005 M measured
0.005 M fitted CCM
KNO3 PZC ~8
Aluminum oxide
(Degussa C)
-0.2
-0.1
0
0.1
0.2
0.3
0.4
3 4 5 6 7 8 9 10 11pH
Ne
t p
ro
to
n 
su
rfa
ce
 e
xc
es
s,
 m
m
ol
/g
   
   
  
1 M measured
1 M fitted CCM
0.1 M measured
0.1 M fitted CCM
0.01 M measured
0.01 M fitted CCM
 
Iron Oxide 
(magnetite) 
PZC ~8
NaCl
Fig. 4. Experimental points of net proton surface excess amounts for pu-
rified δ-Al2O3 (left) and Fe3O4 magnetite (right) as a function of pH at dif-
ferent concentrations of indifferent electrolytes (KNO3 and NaCl, respectively)
at room temperature. The points were calculated from the material balance of
H+/OH− in the course of equilibrium acid-base titration. The continuous lines
were numerically fitted using FITEQL [20] (constant capacity model for alu-
mina and magnetite using capacities C=1.2 and 1.6 F/m2, respectively). The
calculated equilibrium constants are logK inta,1=7.1±0.5 and logK inta,2=-9.1±0.3
for alumina [32], and logK inta,1=6.6±0.1 and logK inta,2= -9.1±0.1 for magnetite
[31].
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-0.13
-0.08
-0.03
0.02
0.07
2.5 4.5 6.5 8.5 10.5pH
N
et
 p
ro
to
n 
co
ns
um
pt
io
n,
 m
m
ol
/g
   
 
0.005 M
  0.05 M
    0.5 M
0.005 M
  0.05 M
    0.5 M
Titanium  dioxide
(Degussa P25)
0.022 mmol/g
 acidic impurity
Original sample 
 NaCl
PZC
Purified sample
-0.15
-0.05
0.05
0.15
4.5 6 7.5 9 10.5pH
N
et
 p
ro
to
n 
co
ns
um
pt
io
n,
 m
m
ol
/g
 
    0.5 M
  0.05 M
0.005 M
    0.5 M
  0.05 M
0.005 M
Aluminum oxide
(Degussa C)
 KCl
PZSE
Purified sample
Original sample 
0.083 mmol/g 
acidic impurity
Fig. 5. The effect of acidic impurity on experimental points of alumina and
titania samples produced by flame hydrolysis of aluminum and titanium chlo-
rides. The points were calculated from the material balance of H+/OH− in the
course of equilibrium acid-base titration.
the literature [26], can not be a correct way of experimental data
evaluation.
The effect of dissolution is often neglected in the evaluation of
charge potential curves. Dissolution of aluminium oxide in both
acidic and alkaline solutions and its dependence of the crystal
structure is well-known [33]. Below pH∼4 and above pH∼10,
the dissolution of this amphoteric solid becomes observable;
therefore, the interfacial charging is often studied within these
pHs [34, 35]. Study on dissolution kinetics of aluminum ox-
ide [36] shows that the dissolution rate considerably depends on
the pH of aqueous solution, a minimum was observed near neu-
tral pH; the dissolution rate increased with decreasing pH below
pH 6 and (even more strongly) with increasing pH above pH
7.5. The net dissolution rate was in order of magnitude 1 10−8
mol/ h m2 at pH 4 and 9. Considering the high specific surface
area of alumina measured in general by means of potentiomet-
ric acid-base titration method and the endeavor of experimenters
to reach equilibrium state of surface-charging by increasing the
time of titration, it is highly probable to suppose that the exper-
imental charge potential curves are disturbed by the H+/OH−
consumption from dissolution, even those which were measured
over the likely dissolution-free pH range. In some works, the
possibility of alumina dissolution is excluded with reference to
the chemical equilibrium calculation [34] or it is not mentioned
[37]-[39] at all. Fitting of experimental surface-charging curves
led to more and more complicated theoretical approaches with
increasing number of layers for charge-compensating ions in
the surface complexation models (diffuse double-, triple-, and
four-layer models [38, 39]) and with introducing surface site
heterogeneity parameters. The heterogeneity of proton binding
sites at oxide-solution interface is studied theoretically [40]-[42]
and both theoretically and experimentally [5, 34, 37]-[39, 43].
Per. Pol. Chem. Eng.84 Etelka Tombácz
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-0.06
-0.04
-0.02
0
0.02
7 8 9 10 11 12pH
Ne
t p
ro
to
n 
co
ns
um
pt
io
n,
 m
m
ol
/g
   
0.5 M KNO3
0.05 M KNO3
0.005 M KNO3
ZnO NANOX200
(Elementis) 
dissolution
≡Zn-O- 
≡Zn-OH2+ 
PZC ~9.2
dissolution
-0.15
0
0.15
0.3
3 4 5 6 7 8 9 10pHNe
t p
ro
to
n 
co
ns
um
pt
io
n,
 m
m
ol
/g
   
 
0.5 M KNO3
0.05 M KNO3
0.005 M KNO3
Al2O3 Aluminum Oxide C
(Degussa)
dissolution
dissolution
≡Al-OH2+ 
≡Al-O- 
PZC ~8
Fig. 6. Experimental net proton consumption curves for purified δ-Al2O3
(left) and ZnO (right) nanoparticles dispersed in KNO3 solutions at room tem-
perature. The points were calculated from the data measured in the direction of
decreasing and increasing pH of equilibrium titration with acid and base solu-
tions for Al2O3 (left) and ZnO (right), respectively.
Based on potentiometric titration performed over a broad range
of pH’s (3-11), affinity distributions for four different surface
sites were calculated with the aim of studying the heterogene-
ity of acid-base properties at aluminum oxide-solution interface
[43]. These authors neglected both the electrostatic effect and
the dissolution of alumina. Although alumina dissolution un-
der the given experimental conditions was checked and its con-
tribution to the total H+/OH− consumption seemed to be not
significant, the experimental fact that the measured proton ad-
sorption isotherms became independent of ionic strength below
pH∼4 and above pH∼10 refers that other reactions taking place
in parallel with surface charging, as seen obviously in the acidic
region of alumina titration (Fig. 6 left) in the present case, too.
Asymmetric proton-binding curves were measured [34] over the
pH range 5-11. The unusually high OH− excess in alkaline re-
gion was modeled by assuming the penetration of electrolyte
ions into the surface, whereas the probability of OH− consump-
tion due to dissolution was limited to some percents [34]. We
analyzed and modelled the dissolution problem in detail before
[1, 32]. The dissolution of alumina and the assumed speciation
of hydrolysis products were proved experimentally by means of
measuring the total aluminium concentration in equilibrium su-
pernatants of alumina suspensions over the range of pH relevant
to the titration by an independent method. It has been stated
that only the independent experimental evidence(s) can support
effectively the model assumption(s).
Even the shape of net proton consumption curves for ZnO
(Fig. 6 right) indicates the dissolution of crystals especially in
the alkaline region. This was confirmed by the good coincidence
of dissolution limits below pH∼8 and above pH∼11 with the pH
values given in literature [4].
It has to be stated that the definite change in the shape of
charge-potential curves, when their ionic strength dependence
does not exist any more is indicative of the acid or base con-
sumption reactions anything else than surface charge formation.
The most relevant reaction is the acid/base dissolution of am-
photeric solids like metal oxides. The dissolution rate of metal
oxides, however, strongly depends on the pH of aqueous solu-
tion and the specific surface area of solid; its interference first
becomes obvious in the equilibrium potentiometric titration pre-
formed during long time and only at low and high pH’s, and
especially in the case of nanoparticles having high specific sur-
face areas. The goodness of fit between the experimental points
and the calculated curves from a model based on even a sophis-
ticated, advanced theory [34] does not prove the reality of any
theoretical model, the assumed structure of surface layer and the
presumed interfacial reactions. Any model assumption has to be
supported by independent experimental facts (e.g., surface spec-
troscopy, analysis of equilibrium bulk phase) to prove its reality.
5 Conclusion
The surface charge formation of metal oxides can be char-
acterized by acid/base titration; however, other processes such
as hydration of surface, dissociation of surface sites, dissolution
of solid matrix at aqueous interface, then hydrolysis of dissolved
ions in aqueous phase take place simultaneously even in the sim-
plest case, which are often not considered. The specific adsorp-
tion of H+/OH− on surface hydroxyl groups, i.e., protonation
and deprotonation reactions, in the presence of indifferent elec-
trolytes results in pH-dependent charges on the surface of metal
oxides. The charge potential curves calculated from the mea-
sured data can easily fit by SCMs assuming several parameters
which can be varied to fit experiment; and so good fitting may be
achieved without giving any relevant insight into the processes
occurring. A detailed chemical knowledge of the system is re-
quired in order to verify the assumptions involved in the model,
otherwise the application of SCMs becomes a meaningless ex-
ercise of curve fitting. From a general standpoint, the critical as-
sumptions of the surface complexation models are the relevant
specific surface area, the quality and quantity of active sites in-
volved in the interfacial processes, and the nature of the surface
complex(es) formed (quality and strength of chemical bonds on
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surface sites). The definite advantage of SCM is that it can be
simply combined with the aqueous bulk equilibria such as spe-
ciation of hydrolyzing metal ions, complex formation.
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